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Commercial equipment is identified
in this paper in order to adegquately
describe the systems that were
developed. In no case does such
identification imply recommaendation
by the National Bureau of Standards,
nor does it imply that this equipment
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was necessarily the best available for
the purpose.

This article was prepared by U.S.
Govarnment employees as part of
their official duties and is therefore a
work of the U.S. Government and not
subject to copyright.

he Natonal Bureau of Standards is
currently building the Automated
Manutacturing Research Facility (AMRF),
as a testbed for the factory of the future.
When complete fhe facility will consist of
three machining workstations. a cleaning
and deburring workslation, an Inspection
workstation and a materials handing
workstation. Each workstation consests of
a number of devices (2 robot. a machine
tool. fixtures. etc) which are fully
automated. A single controller, i€.. a
workstation controller, commands and
coordinaies the operatons of these
devices. Each workstation 1s designed 10
operate either n a stand-alone mode of
in an imegrated fashion with other work-
stations under the supervision of a ugher
ievel controlier.
Materials transfer is coordinated by the
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Material Handling Workstation Controller
(MHWC) which is responsible for mate-
nais flow throughout the facility. As cur-
rently mpiemented. the MHWC monitors
material inventory and directs the ac-
tivities of an Automatc Guided Vehicle
{(AGV) which is used to transpon materials
to and from each worksiation. An AGV
was selected for matenial transport rather
than some type of conweyor or overhead
systemn because of the special require-
ments o! the AMRF Since this is a
research facility, il is imporiant that the
matenal transport system be flexibie.
easiy reconhgured and capable of han-
dhng a vaniety of material types, shapes.
sizes and weights. The AGV systern that
was selected meets alt of these require-
ments and Is relatively small in size and
rughly maneuverable. This paper briefly
describes the control concepls used in
the AMRF and how a particular AGV was
modsdied and integrated into this facility.

AMRF Hierarchical Control
Structure

The control architecture of the AMRF
is based on a sensory-interactive modular
nierarchical feegback system, 23458
Each controller. both at the workstalion
and at higher levels. consists of a collec-
tion of control modules which are ar-
ranged in a hierarchicai. multi-level sys-
tem and which interact through a com-
munications network. Each coniro!
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module takes commands from only one
higher level module in the system. but #
may direct several other modules al the
next lower ievel {see Figure 7). Tasks
enter the system at the highest level and
are decomposed into sequences of sub-
tasks 1o be executed as procedures at
that level, or output as commands 1o the
next lower level. Any number of these

Controller residing under the cell can
have at s disposal a variety of devices
used for transporting work pieces and
tooling to and from the workstations and
inventory. An AGV, also called the Can.
operates on the shop fioor under control
of the MHWC, in the foliowing manner
The parts required for a finished product
are ordered up from inventory. A tray

PROCESSED
SENSORY
FEEDBACK

SENSORY
REQUEST

PROCESSED
SENSORY
FEEDBACK

PROCESSED
SENSORY

ABURE 1. STATUS REPORT OUTPUT COMMAND
GENERIC CONTROL FROW LOWER TO NEXT LOWER LEVEL
LEVEL. CONTROL LEVEL STATUS
PORT TO
NEXT HIGHER
LEVEL

STATUS

O ARSAICAL FEEDBACK  cyamus
Ve LINKED

TOGETHER TO FORM PROCESSED
A COMPLEX CONTROL SENSORY

INPUT COMMAND FROM
NEXT HIGHER LEVEL

genenic control levels can be combined
1o form a complex control system (see
Figure 2).

The general control architecture cut-
rently mplernented n the AMRF 1s shown
in Figure 3. At the top of the hierarchy 15
the Cell Controller which accepts orgers
{or machined paris angd disinbutes the re-
quired work between the workstaions
under its control. A command and feed-
pack protoco! exists between levels of the
merarchy 10 effectively execute pven
commangs. Typically. commands fiow
down and status informat:on feeds up the
hierarchy. Any gevice that 15 nilegrated
nto the AMRF needs to conform 10 this
protocol

The Materal Handing Worksianon

tender loads a tray according to instruc-
tions which are sent from the MHWC and
displayed on a computer terminal Once
{oaded. the tray s placed on the Cart and
15 ready for delivery A wire on the shop
fioor rouies the Cari past all the work-
statons Each workstation has at least
one tray transter staton which mieracts
with the Cart to pass irays back and forin
After the tray tender acknowledges tne
Carl has been Ivaded. MHWC can gve
commands to the Cart 10 drog 1he tray
off at any tray stalon. Alsc snce 2 part
may requwe several macn.ong pro-
cesses. the Carl can pick-up anc transter
the parts between approprale worksla:
tions Actua' locatrons on the snor fioo!

(contnued on page 41)
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| tcontinued from page 39)

are marked with magnel codes, readable
by the Carl. which indicate tray stations.
track branches. and stopping points. Op-
tical sensors are used for ing alignment
between Cart and iray stations. as well
as for locahon of trays and obstacle
detection

Modification of the AGY

The cngnal Cart. 8 Model 5366 Fron-
tow Electroguige Drveriess Tractor macde
by Controi Engineenng Company. had
no means for external control. remote
communications or dynamic program:
ming necessary for integration into the
AMRF. A matnx ciode board was used
1o connect a front panel switch with a par-
ticular funchon (stop. o to-station etc ).
and also & magnet code iocation where
the function was 10 take place (see Figure
4). After the poard was programmed by
plugging diodes nto appropriate loca-
tons. the funclions were activaied by
throwing one or more of the panel switch-
es. Once underway. the Cart could not
be reprogrammed until it returned 1o the
tray tender station In order to dynamical-
ly change the operations that the Car
was 1o perform. a remote means of repro-
gramming the diode board and throwing
the swilches was needed.

The integraton of the Can into the
hierarchical controt structure is itustrated
in Figure 5 A telephone ine and mogdem
with multipiexer provides communicaton
between the MHWC (running on a
temote VAX [I/780) and the shop fioor. A
serial ink connects 1o 2 switch box which
can route signals from the MMWC or
operator terminal to @ base staton Radio
Frequency {RF) mogem. This modem
then communicates to the mobile RF
modem which was installed on-board the
Cart. To provide the necessary program-
ming and control capabilites the ciode
matnix board was removed and repiac-
eq by an on-board microcomputer
system  Tnis system congsts of 8
Muit:bus four-siot bucket. solaied power
supples an INTEL 86712 single board
computer and a sinp ¢f opticaliy 1solated
moduies 1o imerface ths system 10 the ex-
isting Can electromics

Description of the MHWC/VAX to
Cart interface

The MHWC communicates to the in-
tegrated factory on the shop fioor through

(continued on page 43)
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(continued from page 41)

an exght channet! telephone hne modem
system. A multipiexer system combines
and separates the communication chan-
nels at both ends of the telephone line.
Two RS232 senat ines are used by the
MHWC: one for the tray tender terminal,
the other for communicating chrectly with
the Cart. The Cart link 15 routed through
a swilch box that can switch Cart control
between the MHWC or a terminal used
for manual operaton It desired, an
RS232 Communications monitor can be
used 1o keep track of the MHWC to Cant
transmissions.

From the switch box. the RS232 inter-
face cable connects to an R5232 por on
a base staton Radio Frequency (RF)
Telemetry Modem. The RF Tetemetry
Modem provides the necessary frequen-
cy modulation. demodulation and super-
visory control functions to provide for &
full dupiex data tnk 1o the Cart. The
modulator/demodulator utihzes trequency
shift keying (FSK) for up 1o a 1200 baud
rale of communication. The base tele-
metry modem transmits at 415 85 Mhz
ang receives at 409 95 Mhz Special gov-
ernment-assigned frequency bands are
required in praer to meet Federal regula-
tions concerning RF communications.
The modem on the Can can be con
figureg 1o transmd ang recewve simul-
tangously. Tne transmiter on the Carl can
be set 10 be on contnuously or can be
keyed (powered up) only dunng transmit
cycles The latter moge requires RTS-CTS
handshaking. The R5232 pon on the
remote RF modem is connected senally
to the on-board 8612 computet 16 com-
piete the vAX 1o Cart interlace

Description of the On-board Com-
puter to Cart Interface

An inel B6/12 single bpard computer
(see Figure 6). which resiges in a four-siot
Multibus bucket mountec nside the Cart.
not only replaces the diote matrnix board
&nd panel swiches bu! also runs control
algorthms ang performs senser gata pro-
cessing ana Can status moniorng The
extra three siots allow for poss:bie future
£xpans.On requiremenis such as a com-
municalons network board analog-to-
ggtat or digial-to-analog boards. or ag-
suong paraliel input'outpul (YO} ports
The B6'12 prowviges tnree 8 bit paraite! /'O
poris which are TTL logic ievel compat-
ole Tne ports on the computer are Con-

{contnued on page 44)
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TABLE 1.

= | CART COMMANDS CARTSEAL;(EITFIOMCS
TELEMART | COMMANDS
i Sxen
= ISDLATING
2 A || e
P N TRANSFER
|| PARALLON  COWVERTER  BOARD I_.-EL i
86712 PORTC8 24 {
COMPUTER CHANNELS ATUS
BDARD TEC LINES
REED SWITCHES
T
CA
CONFIGURED
AS
PORT DRIVER
IN BIT JR
DESCRIPTION HEX NG INPUT
Magnet reed swilch 8 CA 7 INPUT
Magnet reed switch 7 CA 6 INPUT
Magnet reed swilch b CA 5 INPUT
Magnet reed switch 5 CA 4 INPUT
Magne! reed swilch 4 CaA 3 INPUT
Magnel reed switch 3 CA 2 INPUT
Magnet reed switch 2 CA 1 INPUT
Magnet reed swilch 1 CA 0 INPUT
OK 7O TRANSFER £C 3 INPUT
OK TO RELEASE cC 2 INPUT
SPACE AVAILABLE cC 1 INPUT
LS-2 cC 0 INPUT
OPTIC BLOCK CC 4 INPUT
GUIDE SAFE cC 5 INPUT
BRAKE SET CC § INPUT
TRAVEL DRIVER cC 7 INPUT
START cs 7 DRIVER
ce 6 DRIVER
TRANSFER cs 5 DRIVER
c8 4 DRIVER
SLOWDOWN C8 3 DRIVER
SWITCH TD 615K c8 2 DRIVER
SWITCH TO 10K CB 1 DRIVER
S0P cs 0 DRIVER
a3



VEHICLES
(continued from page 43)
tgureg for the VO signals as isted n
Table 1. Port CA {hex agdress) monitors
siatus of magnetic teed switches on the
Cart Magnets mounted in the factory
tioo’ can De arranged 1o provide coded
niormation as to the locaton of the Cart
when it crosses the fioor magnet Port CC
5 used for morutoring the status of the
Can logic eiectronics dunng tray transfers
ar lpagding anc unioading siations and
also for monitoring the status of the Cart
arve. gugance safety and brake actva-
uon systems Port CA s configures as a
dr ver port for command signals 10 the
Carl electronics. which nclude Can
START. TRANSFER tray. Canl SLOW-
DOWN. Cart SWITCH to 6.5Knz
gugance signal Cart SWITCH 1o 10Knz
and Can STOP

Multibus power requirements {+12.
12, + 5 vdc ) are met using isolateC out-
put switching power supplies. which pro-
vile duat vollage polarites from a single
DC voltage source and provide gooc
regulation at highet efficiencies. It should
be noted tha! the Cart does not use
chass's as ground thereby reducing the
etfects Of a shored wre. Possitie inter-
face probiems on the computer board
frgm Cart switgn:ng ransients nad been
anuc:pateg anc the computer power sup-
o es ang a' ¥0 interface cnannels were
soiateq from the Carl's power and signé’
et tn aggnon to isolaton the interfaces
provige buttering from Cart elecironiCs
2~ convert 5 voit TTL levels 10 12 voll
CWOS ieve's

Software Contro! Algorithms and
impiementation

Tne Cart on-boarg computer provides
-ne herarchical mMerface between the
Cart anc tne MRAWC 1t guties inclugde
azceprng commancs trom the MHWC,
erecutng 2ssoliated Cart conrol rou
+mes mMONIorAG vanous status Nacators
ane prov o ng feeaback Migrmaton con
cernng tne slatus of tne Can fo the
M~WC To carry Out these Cules in a
ciear oraereq fasn o the moouiar nerar
£r ca approact was taken T 0esgnng
a~2 wring 1ne sofware programs

Tre Cart sottware conssts of a8 man
DrograT which 'S o' v.0eo nic three levels
o nerarcnica’ contro. At ihe highes: ieve!
e tne -nterface 1o the MHWC Tne next
le.e ¢ an ngrmedate command lan-
cuEge used 10 manage Cart resources
Tre 5 ™ 1ve COMMaNgs al the lIowes!

PROCESS
STATUS

EXECUTE

—_—

REPLENISH—ST1
COMMAND " KT 7F STATUS (WHEN DONE:
i v
' [
1

i Y
' ] '

- d )

sorosmon | owow | Jcorosiine
L

FIGURE 8.
EXAMPLE OF
MACRO-COMMAND

of the rext command

REPLENISH—ST1 is 2 macro-command from MHWC to Cant Dotteg ines
show optional acknowledgement of commands jus! compieted and the cali:ng

leve! are machine gependent routings
that nterface drectly 10 the Can elec
tronIcs ang Sensors )

Trne MHWC interface cons:sts of a de-
finec set of commands and status feed-
pback informaton. A contro! loop (see
Figure 7) processes Sstatus. decodes
commands and execules vald com-
mands The control ioop proviges a shell
1solating the imernal operations of the Cart
software This shell 1s a precise means of
controling VO between the end user.
whether it be the MEWC or a manual
operator anathe Cart Ifine Cant s being
commanged by the MHWC the com-

muniCation 1§ i packec bnaty format It
an operator s controling the Cant an
ASClH format s usew. Bes:des the ‘ormat
contro! features of the she! 1 alscrasine
agdtiona: benet: of crcumveni g 87y
peculiarties assoc.atec wir ine Co™puler
operating syster ang ine prograT ™ g
language with regarg to erto” n&™a g
of 1O As an example. it an INCorres” o™
mand s entered nto the on-boasc So™-
puter the error 1S returned Hot s a2 so™
puter run me error bul as ar Unrecds:
nized Command error - ne Car Siaies
nfgrmaton

L~arnes 5L
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(continued from page 45)

mand abortec/not aborted) and a System
Faitute (volatle memory check). The third
ang fourth paris are the Present Magnet
Location, which 15 nult it the Cart 15 not
reading any magnets. and the Previous
Magnet Location, which gives a location
with reference 1o the last magnet passed.

The MHWC reguires the status condr
tion of tne Cart at alt imes. The Cart on-
board compuler 1s updating status inter-
nally al all tmes. but only transmits 1
when there 1§ a change in status or afier
a fixed number of updates. Status is out-
put using a formatted ptotocol. which in-
cludes header information such as mes-
sage quailed (ndicatng type of
message. 1€  status. ASCIl string. eic).
a count fieid and a check sum. along with
the nitormation fields.

To provide & fiexible and aciaptable
commang language 10 the end user. an
inermedsate level command structure ex-
ils Ag previously mentonec. the rugh
level commands can be mnemonic Com-
manas tarored to specific tasks |deally.
1he command should be at the highest
ieve! possibie such that completion of In-
dividual lower commangs need not be
acknowledged before attempting the next
step The miermediale commands aré
modular in gesign and are the builaing
piocks of macro-commands Once the
function of 2 macrp-command has been
delerrmined # 15 edited into the program.
compiled nto @ command tabie and is
availabie at run me.

A typical nigh leve! command requests
that. &' a cernan fioor magnet code. a
specified function be executed These
{unchions and more are at the lowes! level
of the hierarchy. Prmitwve commands
such as siart. stop. slowdown (ic search
ang ahgn with a tray station) and cnange
Iracke replace the matryswitch funchons
tha! existed in the onginal Carn. In add-
1om 1c the onginal Cart functons there
15 3 routing 1o monitor the reed swiches
and acknowlegge arrval at a spectied
magnet focaton To gelver a tray. there
are routnes tnat Indicaie when the can
5 algned witn the tray staton. that stan
tne tray transfer mecharmsm. ang that in-
dicate wnen 1ne transier 1s completed

Alse at the Iowest level of the Cart con-
trof rvetarchy he status of the can s con
stantly beng moniorec anc the asso
catec memory butiers updated Circults
are exarmined 1o determing the condiions
0! tne tollpwing travel dniver (whethet the

4t

Cart s moving). brakes, optical blocking
{infra-red detectors looking for reflections
from obslacies). safety stop (due to physr
cal contact with bumper), guide safe (loss
of guide wire signal). tray On Can, and
ray &t staton. These primitive COM-
mands. routnes and status gathenng
routines control and react 1o the Can elec-
trorics and sensory nput.

The Cart program makes use of multi-
1asking. which is @ system-dependent
feature thal aliows routines 10 execute in
a paraliel fashion. The muit-tasking
mechanism is interrupt driven, which
means that a task thal is waiting for a
device interrupt (2.0, a serial port) can
relinguish control of the CPU {Central Pro-
cessing Unit of a computer) until the in-
terrup! arnives. This frees the CPUtorun
other routmes. Mult-tasking 18 very
powerful, but 1 must be used with cau-
tion. Its mam use in the Cart program is
to allow commands to be executed while
status 1s constantly being updated and
transmitted. Some of the prmiive routines
look for the occurrence of a certain event,
such as a reed switch reacting 10 a floor
magnet. or 8 mechanical switch interact-
ing with & tray during transter. The multe
tacker allows the primitive routne 10
watch for the vent and also allows status
routnes 10 monitor and output the results
of the prmitive routine. Thus. ff something
goes wrong guring the routine which re-
sults 1 an endless loop. the stalus 18
avalaple mmediately to indicate the
problem. Thus would not be the case it the
program was executed sequentially.

A final pont should be made concern-
ing one other key philosophy of the
AMRF  Software should always be de-
signed and written 10 be as generic and
portable as possible. The internal hier-
archy of a program shouid push all
machine dependent code 10 the lowest
level. As 15 the case wih robot control
systems alse being dgeveloped in the
AMRF  a large porion of the Cart con-
troi system shouid be appiicable 10 Most
AGV's

Conclusion

The Car' has been operating exiremely
well for 10 months Knowledge ganed
from trus work has been used 1o write
speciications tor AGV's 1o be empioyed
n a mult-can system for the AMRF
Vanous AGV manufacturers have shown
wnterest n supplying the Carts for ntegra-
1on tnto the AMRF We hope 10 work with
\hese manutacturers. as we do with other

vendors of manufactuning equipment. 10
gevelop practical approaches for control-
ling AGV's and mtegrating them nto
automated factories of the tuture These
approaches will then be avadable for
volurtary industry efforts 10 establish na-
tonal ot international standards
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The basic commands required by the
MHWC to control the Carl are: 1) go to
a tray station, 2) go to a magne! location,
3) load and 4) unload These commands
actually ex:st at the intermediate level. but
are mage available to the MHWC A
typical command from the MHWC re-
quests the Cart 1o go to a station. ang
ipad or unload a tray. Often the MHWC
goes not need 1o single step through
these ingnidual commands but oniy
needs to know when the tray has been
gelivered. The additional acknowledge-
men! belween commands increases
communications overhead and slows
down the operation ! the Cart. Therelore.
whenever possible. a macro-command is
written combining the appropriate basic
commands to perform a specific task As
an example. if the Cart needs to perform
a ceran sequence of commands. such
as Go 1o Station 1. Unigad, and Go 10 Sta-
tion O: and if the only response needed
by the MHWC s the arnival of the Cart at
Station 0. then a macro-command can be
written as REPLENISH-ST1 using the in-
termediate commands just mentoned
(see Figure 8) Some questions may arise
in regard to the imitatons in the flexipil-
ty of such commands and the reduced
control the MHWC has over the Can In
the tirs! case. the snlermegiale commands
are stil available when needed and in the
second case. status 1s regularly reported
10 the MHWC and can be decoded. for
example. 10 avod an engless watt
conditicn.

To fulfilt herarchica! control require-
ments. the Cart inQicates when the com-
mand has been successfully compieted.
i ine Can 1s unable to compiete the com-
mang. status information ig also requred
sC tnat the MHWC can geterming the
problers and possibly utate recovery
procedures Adotional information such
as Ipcanor of the Cart. at least with
reference 10 magne! codes. 15 also
incluged

S1atus can be o any length. but at
present It conssts of four pans Tne first
pat 15 the hargware stale of the Can
whigh ingicates tne state of centan Can
glectronc circuls and sensory oevices
The second par consisis of four ing.-
calors gwing the software state of the
Cart Reagy for New Command {las!
command done/not done) Unrecog
nized Command (las! commandg vahd/n-
vahd). Abornen Last Commiangd (last com-

{continued on page 46
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